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Abstract
Study objectives
Normal timing and duration of sleep is vital for all physical and mental health. However,
many sleep-related studies depend on self-reported sleep measurements, which have limi-
tations. This study aims to investigate the association of physical activity and sociodemo-
graphic characteristics including age, gender, coffee intake and social status with objective
sleep measurements.
Methods
A cross-sectional analysis was carried out on 82995 participants within the UK Biobank
cohort. Sociodemographic and lifestyle information were collected through touch-screen
questionnaires in 2007–2010. Sleep and physical activity parameters were later measured
objectively using wrist-worn accelerometers in 2013–2015 (participants were aged 43–79
years and wore watches for 7 days). Participants were divided into 5 groups based on their
objective sleep duration per night (<5 hours, 5–6 hours, 6–7 hours, 7–8 hours and >8
hours). Binary logistic models were adjusted for age, gender and Townsend Deprivation
Index.
Results
Participants who slept 6–7 hours/night were the most frequent (33.5%). Females had longer
objective sleep duration than males. Short objective sleep duration (<6 hours) correlated
with older age, social deprivation and high coffee intake. Finally, those who slept 6–7 hours/
night were most physically active.
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Conclusions
Objectively determined short sleep duration was associated with male gender, older age,
low social status and high coffee intake. An inverse ‘U-shaped’ relationship between sleep
duration and physical activity was also established. Optimal sleep duration for health in
those over 60 may therefore be shorter than younger groups.
Introduction
Sleep is vital for the normal regulation of mood, cognition and metabolism[1]. Sleep disorders
are common amongst the ageing population and sleep disturbance from any cause is increas-
ingly recognised as a biomarker for unhealthy ageing[2]. Ideal duration of sleep remains
debated and undoubtedly total sleep time changes with age, but “8 hours/night” has become
defined as a somewhat idealised norm. Large cohort studies assessing self-reported sleep dura-
tion showed that 7–8 hours consistently emerged as the ideal duration for good health in 18–
65 year olds[3].
Sleep architecture changes with age. During ageing, there is a degeneration of the circadian
pacemaker, a progressive decline in melatonin output and decrease in rhythm amplitude
which contributes to increasing sleep fragmentation and waking up earlier in the morning
[4,5]. Additionally, >50% of those older than 65 years of age have chronic sleep complaints
including difficulties in initiating and maintaining sleep. Sleep disturbance is associated with
worse physical and mental health, cognitive impairment and falls but correlation remains
debated[4]. Sleep is also influenced by gender and comorbid illnesses[6]. Females are more
likely to self-report a longer sleep duration than males[7] and males tend to experience lighter
sleep than females[8]. However, females self-report more sleep complaints and insomnia[9].
Chronic partial sleep deprivation has long term impact on health and longevity, including
higher risks of hypertension, diabetes, obesity and depression[10]. Sleep deprivation has been
proposed as a novel risk factor for dementia[11] and also insulin resistance and type 2 diabetes
[12] and it is therefore important to know what the ideal sleep duration is for healthy ageing.
In sleep-deprived individuals <65 years old, sleep extension by 1 hour/night for 6 weeks had
significant beneficial effects on their insulin sensitivity[13]. Sleep deprivation also has impact
on mental health. Those who self-reported 7–8 hours of sleep per night have higher optimism
and self-esteem than those who slept <6 hours/night and>9 hours/night[14].
Caffeine is a widely consumed stimulant to counter the effect of fatigue as it can improve
alertness, but it has adverse effects on the quantity and quality of sleep[15]. Caffeine intake
prior to bedtime leads to reduced sleep efficiency, increased sleep onset latency, shortened sec-
ond stage of sleep and reduced sleep duration in healthy adults with habitual high caffeine
intake[16,17].
Sleep can be assessed subjectively by self-report such as sleep diaries or objectively using
wrist-worn accelerometers and laboratory-based polysomnography[1]. There is often a mis-
match between subjective and objective assessment of sleep. This is partly due to sleep state
misperception which is especially common amongst people with sleep disorders[18].
Prior studies of the large UK biobank cohort have suggested that self-reported short sleep
duration is a risk factor for poor cardiometabolic health[19]. Both short and long sleep dura-
tions were also found to be independently correlated with cognitive impairment[20]. The
Newcastle 85+ study also found that objectively measured, disturbed sleep-wake cycles in the
oldest old population was associated with multimorbidity, worse cognitive function and
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reduced survival[21]. However, the prior Biobank studies have been based on self-reported
sleep assessments and may have limitations. Therefore, we wished to understand the associa-
tion between objective sleep assessments and age, gender, habitual caffeine intake, physical
activity and social deprivation in the Biobank population cohort.
Methods
Population and study design
A cross-sectional analysis was conducted on baseline data and objectively assessed accelerome-
try data from the UK Biobank. The UK Biobank recruited approximately 500,000 participants
aged 40–69 within the general population of the UK. Full-scale recruitment took place between
2007 and 2010[22]. Participants were invited to a baseline assessment visit where physical mea-
surements and biological samples were collected. Sociodemographic, occupation, health-
related and lifestyle information were collected through the use of touch-screen questionnaires
which contains approximately 314 questions. To measure self-reported sleep duration, partici-
pants were asked “About how many hours sleep do you get in every 24 hours? (Please include
naps)”. Work patterns including shift work and night shift was asked about but sleep diary
data was not collected[22].
After appropriate written consent, 103,712 participants from the UK Biobank study were
later invited to wear wrist acceleration sensors (Axivity AX3 triaxial accelerometer) on their
dominant wrist continuously for 7 consecutive days. Recruitment occurred between 2013 and
2015 (participants aged between 43 and 79). This allowed objective measurements of their
physical activity and sleep-wake patterns[22,23].
Sleep categories
Accelerometry data obtained from the UK Biobank were processed using R Package GGIR
version 1.7–1. This has been validated and published as open source[24]. The generic algo-
rithm has been assessed in a large UK study[25]. The accuracy of the algorithm at detecting
sleep period time window has also been tested[26]. Only participants with at least 5 days of
complete accelerometry data were included in the current study. Both sleep duration and sleep
efficiency were examined. Participants were categorised into 5 groups based on their sleep
durations using previously published self-report thresholds[27]. (1) Subjects who slept<5
hours/night. (2) Subjects who slept 5–6 hours/night. (3) Subjects who slept 6–7 hours/night.
(4) Subjects who slept 7–8 hours/night. (5) Subjects who slept>8 hours/night. Group 1 and 2
are used to investigate the impact of extremely short objective sleep durations.
Baseline measurements
Sociodemographic characteristics (including age, gender and deprivation scores) and dietary
information such as tea and coffee intakes were collected from the touch-screen questionnaires
at recruitment.
The age of each participant at accelerometry data collection was calculated. Participants
were categorised into 4 age groups (43–49 years, 50–59 years, 60–69 years and 70–79 years).
Gender was recorded at recruitment. Townsend deprivation index was calculated immediately
prior to participant joining the UK Biobank based on the national census data. Participants
were each assigned a score depending on the location of their post codes at recruitment[28].
This index takes account of home ownership, car ownership and employment status. Town-
send deprivation index was divided into quintiles (0 represents the least deprived individuals
and 4 represents the most deprived individuals).
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At the baseline assessment visit, participants were also asked about how many cups of tea
and coffee (include decaffeinated coffee) they drink per day over the last year. If participants
answered >20 for tea or >10 for coffee, they were asked to confirm their answers. If they are
unsure, participants could provide an estimate or select ‘Do not know’. For those participants
who indicated they drink <1 or�1 cup coffee per day, they were then asked ‘What type of cof-
fee do you usually drink?”[28].
Physical activity measurements
Acceleration levels (measured in milli-g (mg)) of each participants were extracted from the
accelerometry data which is a measurement of physical activity level[23]. Acceleration mea-
surements were separated into each wear day allowing comparison between week days and
weekend sleep and activity pattern. This method of assessing physical activity has previously
been validated and published in detail using the biobank cohort which has also compared to
other accelerometry devices[23].
Statistical analysis
Both Biobank baseline data and accelerometry data were analysed using IBM SPSS Statistics
version 24 (Armonk, New York, USA). Individuals with missing data on accelerometry mea-
surements were excluded. Chi-square test was used to investigate the association between sleep
groups and categorical variables. Once a significant difference is detected between any sleep
groups, z-test was used to compare column proportions of each variables and p-values were
adjusted using the Bonferroni method. If columns in the same row have been assigned the
same letter, then their column proportions do not differ from each other significantly. Monte
carlo method with 99% confidence level was used to estimate the exact significant level. Krus-
kal-Wallis H test was used to investigate the association between sleep groups and sleep effi-
ciency with continuous variables.
Binary logistic regression was used to investigate the odds of being male, aged over 70
years, live in the most deprived area and reporting high coffee intake across the 5 sleep groups.
Adjusted odds ratios (OR), with 95% CIs were reported. Logistic regression models were
adjusted for: age (reference = ‘43–49’); gender (reference = ‘Female’) and Townsend depriva-
tion index (reference = ‘Least deprived). Significance for all statistical tests was set at p<0.05)
Results
Sociodemographic characteristics
Of the total UK Biobank participants, after excluding those with missing data, there were
82,995 participants in total. 14,333 (17.3%) slept<5 hours/night, 21,559 (26.0%) slept 5–6
hours/night, 27,783 (33.5%) slept 6–7 hours/night, 15,503 (18.7%) slept 7–8 hours/night and
3,817 (4.6%) slept>8 hours/night (Fig 1). There was no statistically significant difference in
sleep duration between weekdays and weekends across the entire group or within those under
and over the age of 65.
The percentage of males that slept<5 hours/night was significantly higher, while more
females slept>7 hours/night (Fig 1). The greatest proportion of participants were within the
‘60–69 years’ age group. According to the Townsend deprivation index, socioeconomic status
increased across the sleep groups up to the second quintile then it decreased across the groups.
Overall, no significant differences in terms of gender, age and Townsend deprivation index
were detected between ‘7–8 hours’ and ‘>8 hours’ groups (Table 1).
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Those with the shortest sleep duration (<5 hours/night) were 115% (OR (95% CI) 2.15
(2.06 to 2.26)), 15% (OR (95% CI) 1.15 (1.08 to 1.21)) and 221% (OR (95% CI) 3.21 (2.24 to
4.61)) more likely to be male, aged over 70 years, and live in the most deprived area, respec-
tively, compared with the ‘7–8 hours’ sleep group (Table 2).
Sleep efficiency was significantly higher in females, those aged 60–69 years old and partici-
pants with higher social status (p<0.001) (Table 3).
Habitual coffee intake
The percentage of participants with prior high coffee intake (>4 cups/day) was significantly
higher in those who slept <5 hours/night (Table 1). Those with the shortest sleep duration
(<5 hours/night) were 26% (OR (95% CI) 1.26 (1.17 to 1.36)) more likely to be have high cof-
fee intake (>4 cups/day) compared with the ‘7–8 hours’ sleep group (Table 2). When investi-
gating the relationship between coffee type and sleep duration; the percentage of participants
who drink decaffeinated coffee is significantly higher in those who sleep >7 hours/night
Fig 1. A: Percentage of total participants in each sleep group (n = 82995). B: Percentage of males in each sleep
group (n = 36293). C: Percentage of females in each sleep group (n = 46702). Those who sleep 6–7 hours/night are
more prevalent and females have longer objective sleep duration than males.
https://doi.org/10.1371/journal.pone.0226220.g001
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(Table 1). The type of caffeinated coffee (instant versus espresso) did not affect sleep duration.
In addition, males drank significantly more coffee than females (Table 4).
Sleep efficiency was negatively correlated with coffee intake (p = 0.001 and p<0.001, respec-
tively). Not only did the amount of coffee drank affect the sleep efficiency, but those who
drank decaffeinated coffee had significantly higher sleep efficiency (p = 0.023) (Table 3).
Table 1. Sociodemographic and dietary characteristics of the 5 sleep groups (n = 82995).
Percentage within each sleep group
<5 hours (n = 14333) 5–6 hours (n = 21559) 6–7 hours (n = 27783) 7–8 hours (n = 15503) >8 hours (n = 3817)
Gender
Male (%) 54.9 a 47.3 b 40.5 c 36.3 d 35.4 d
Female (%) 45.1 a 52.7 b 59.5 c 63.7 d 64.6 d
Age groups (years)
43–49 (%) 6.0 a 7.7 b 7.5 b 7.1 b 6.2 a,b
50–59 (%) 27.0 a 30.0 b 28.7 b,c 25.9 a 26.0 a,c
60–69 (%) 42.8 a,b 42.2 b 44.2 a,c 45.9 c 46.8 c
70–79 (%) 24.2 a 20.1 b,c 19.6 c 21.1 b 21.0 b,c
Townsend deprivation index quintile
0 (Least deprived) (%) 20.5 a 22.0 b 23.9 c 24.3 c 24.4 c
1 (%) 20.2 a 20.9 a 22.0 b 22.6 b 23.0 b
2 (%) 19.9 a 20.6 a,b 20.7 a,b 21.5 b 19.9 a,b
3 (%) 20.6 a 20.3 a 19.1 b 18.7 b 18.8 a,b
4 (Most deprived) (%) 18.7 a 16.2 b 14.2 c 13.0 d 13.9 c, d
Average coffee intake per day
0/<1 cup (%) 28.3 a 26.8 b 27.3 a,b 28.1 a 28.8 a,b
1–3 cups (%) 50.3 a 53.6 b 54.1 b 54.7 b 53.6 b
>4 cup (%) 21.3 a 19.6 b 18.6 b,c 17.2 d 17.5 c,d
Coffee type
Decaffeinated coffee (any type) (%) 17.6 a 18.1 a,b 19.1 b 20.5 c 21.6 c
Instant coffee (%) 52.8 a 51.5 a,b 50.6 b,c 49.7 c 51.9 a,b,c
Ground coffee (include espresso, filtered etc)
(%)
27.7 a 28.8 a 28.9 a 28.3 a 24.6 b
Other types of coffee (%) 1.6 a 1.3 a,b 1.2 b 1.3 a,b 1.6 a,b
Prefer not to answer (%) 0.1 a 0.0 a 0.1 a 0.1 a 0.1 a
Column proportions test was carried out and column proportions (for each row) are compared using a z-test. Each letter denotes a subset of sleep group categories
whose column proportion do not differ significantly from each other at 0.05 level. Short sleep duration is significantly associated with male gender, older age, social
deprivation and high coffee intake.
https://doi.org/10.1371/journal.pone.0226220.t001
Table 2. OR (95% CI) of being male, aged over 70 years, live in the most deprived area and reporting high coffee
intake across sleep groups.
Male Aged >70 years Social deprivation >4 cups of coffee/day
7–8 hours 1.00 1.00 1.00 1.00
<5 hours 2.15 (2.06 to 2.26) 1.15 (1.08 to 1.21) 3.21 (2.24 to 4.61) 1.26 (1.17 to 1.36)
5–6 hours 1.62 (1.55 to 1.68) 0.93 (0.88 to 0.98) 1.58 (1.09 to 2.30) 1.13 (1.06 to 1.21)
6–7 hours 1.21 (1.17 to 1.26) 0.90 (0.86 to 0.95) 1.29 (0.89 to 1.87) 1.07 (1.00 to 1.14)
>8 hours 0.97 (0.90 to 1.04) 1.03 (0.95 to 1.12) 1.55 (0.86 to 2.81) 0.98 (0.87 to 1.10)
Statistical models were adjusted for age, gender and Townsend Deprivation Index.
https://doi.org/10.1371/journal.pone.0226220.t002
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Association between acceleration level and sleep duration
Physical activity levels were monitored continuously throughout the day. This allowed the
determination of the most active and least active 5 hours of each day using the detected accel-
eration level measured in milli-g (Table 5). An inverse ‘U-shaped’ association between activity
Table 3. Association between sociodemographic characteristics, coffee intake, social deprivation and sleep
efficiency.
Sleep efficiency (mean + standard deviation) P-value
Gender <0.001
Male 0.811 ± 0.117
Female 0.829 ± 0.110
Age (years) <0.001
43–49 0.821 ± 0.109
50–59 0.820 ± 0.113
60–69 0.823 ± 0.113
70–79 0.820 ± 0.118
Townsend deprivation index quintile <0.001
0 (Least deprived) 0.824 ± 0.114
1 0.824 ± 0.113
2 0.822 ± 0.114
3 0.820 ± 0.112
4 (Most deprived) 0.816 ± 0.116
Average coffee intake per day <0.001
0/<1 cup 0.821 ± 0.113
1–3 cups 0.823 ± 0.115
>4 cups 0.818 ± 0.117
Coffee type <0.001
Decaffeinated coffee (any type) 0.825 ± 0.115
Instant coffee 0.821 ± 0.115
Ground coffee (include espresso, filtered etc) 0.821 ± 0.117
Other types of coffee 0.816 ± 0.114
Higher sleep efficiency correlated with lower coffee intake and decaffeinated coffee type. The differences between
coffee intake and between different coffee types were all found to be statistically significant (p<0.05).
https://doi.org/10.1371/journal.pone.0226220.t003
Table 4. Association between gender and average coffee intake per day.
Percentage within gender
Female Male
Average coffee intake per day
0/<1 cup (%) 29.7 a 24.7 b
1–3 cups (%) 53.4 a 53.4 a
>4 cup (%) 16.8 a 21.8 b
Do not know (%) 0.1 a 0.1 a
Prefer not to answer (%) 0.0 a 0.0 a
Column proportions test was carried out and column proportions (for each row) are compared using a z-test. Each
letter denotes a subset of sleep group categories whose column proportion do not differ significantly from each other
at 0.05 level. Males were found to consume significantly more cups of coffee per day compared to females.
https://doi.org/10.1371/journal.pone.0226220.t004
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level and sleep duration was observed. Average acceleration level during the most active 5
hours of the day (M5) was found to be the highest in those who slept 6–7 hours and the lowest
in participants who slept>8 hours/night (Fig 2A). On the other hand, the average acceleration
level during the least active 5 hours of the day (L5) decreased across the sleep groups. It was
the highest in those who slept <5 hours/night, while the difference between the other 4 sleep
groups was relatively small. As a biomarker for healthy ageing, the difference between the
most and least active 5 hours of the same day (ΔM5L5) was calculated from the M5 and L5
readings[21] and it was the highest in ‘6–7 hours’ sleep group (Fig 2B). It was significantly
lower in those who slept <5 hours/night and>8 hours/night (p<0.001).
Discussion
Using the largest accelerometer cohort to date, this study found that short objective sleep dura-
tion is associated with male gender, older age, social deprivation and habitual high caffeine
intake. An inverse ‘U-shaped’ relationship between objective sleep duration and physical activ-
ity level was also identified suggesting that the most physically active slept between 6–7 hours.
All prior UK biobank sleep studies have used the self-reported sleep data. An association
between worse cardiometabolic health and impaired task performance with sleep duration <7
hours or >9 hours per night was reported[20,29]. Previous large cohort studies also utilised
wrist-worn actigraphy to assess sleep objectively[30–34]. There have been smaller accelerome-
try studies within the Whitehall cohort (n = 3749) showing an association between longer
duration and higher intensity of daily moderate-to-vigorous physical activity level and success-
ful ageing[35]. However, no one has to date assessed the objective sleep-wake patterns and
physical activity using accelerometry in the Biobank cohort.
We found 43.3% of the UK Biobank cohort had an objective sleep duration of<6 hours/
night. The American Academy of Sleep Medicine and Sleep Research Society have recom-
mended >7 hours of sleep per night for 18–60 years old adults for good health and reduced
mortality[36]. Only 23.3% of the UK Biobank participants reached this recommended sleep
duration, this may mean that in an older population the ideal sleep duration may not be 7–8
hours but instead somewhat shorter when assessed using this accelerometer based objective
method rather than self-report. Age adjusted norms remain debated and are key when consid-
ering recommendations and advice for an ageing population. In fact, careful assessment of
healthy older adults excluding sleep disorders has shown a clear decrease in sleep need with
age without effects on daytime alertness[37]. Social jet lag (sleep duration significantly longer
at weekends compared to the working week) was also assessed in the UK Biobank cohort as a
possible marker of societal sleep restriction and therefore one possible reason for objective
short sleep time. Participants’ sleep duration was not significantly longer on Fridays or Satur-
days compared to other days of the week. This could be due to many of the participants having
reached retirement age and therefore, their sleep duration is not significantly affected by
Table 5. Association between activity level and sleep duration (p<0.001).
<5 hours 5–6 hours 6–7 hours 7–8 hours >8 hours
Average acceleration during M5 (mean ± SD) (mg) 55.56 ± 22.76 58.21 ± 20.94 58.39± 20.70 57.39 ± 19.70 54.23 ± 18.98
Average acceleration during L5 (mean ± SD) (mg) 4.58 ± 3.11 3.76 ± 1.86 3.44 ± 1.94 3.27 ± 1.48 3.24 ± 2.11
ΔM5L5 (mean + SD) (mg) 50.98 ± 22.32 54.45 ± 20.87 54.95± 20.59 54.11 ± 19.63 50.99 ± 18.44
Acceleration levels were monitored throughout the day which allowed the determination of average acceleration during the most active 5 hours of the day (M5) and the
least active 5 hours of the same day (L5). The difference between these 2 measurements (ΔM5L5). Those who slept 6–7 hours/night were found to be more active
compared to other sleep groups.
https://doi.org/10.1371/journal.pone.0226220.t005
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longer working hours during the week. However, it could also suggest that their shorter sleep
times were not indicative of restricted or inadequate sleep and supports 6–7 hours being the
likely optimum sleep duration for many over the age of 60.
Fig 2. Distribution of acceleration measured in milli-g (mg) across the 5 sleep groups (p<0.001). A: average
acceleration over the most active 5 hours of the day (M5). B: Difference in acceleration between the most active 5 hours
(M5) and least active 5 hours (L5) of the same day (ΔM5L5). Those who sleep 6–7 hours/night had the highest
acceleration level.
https://doi.org/10.1371/journal.pone.0226220.g002
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When comparing physical activity levels of our 5 sleep groups; those who slept 6–7 hours/
night were most active with an inverse U-shaped curve and decreased activity in very short
and long sleepers. Apart from healthy sleeping habits, the beneficial effects of an active lifestyle
on health are well known. The ability of objectively measured physical activity in improving
sleep has been shown. Those who have met the recommended World Health Organisation
physical activity guidelines (>150mins of moderate intensity or >75mins vigorous intensity
per week) self-reported shorter sleep latency, less early awakenings and less leg cramps during
sleep fewer usage of sleeping pills[38]. Our findings may suggest that physical activity can pro-
mote healthy sleep duration, but it may also be that healthy sleeping habits promote a more
active lifestyle. Strong evidence suggests inadequate moderate-to-vigorous physical activity is
closely associated with increased risks of metabolic diseases and all-cause mortality after con-
trolling for age, gender, race and weight[39]. Physical inactivity also leads to direct and indirect
costs which result in considerable financial burdens on the society[40]. Due to the cross-sec-
tional nature of the study, we are unable to prove the direction of relationship between physical
activity and sleep.
A significant ‘U-shaped’ association between sleep duration and metabolic diseases has pre-
viously been published with short sleep associating with worse cardiometabolic health. How-
ever, after adjusting for confounders, this association only remained in short sleepers (<6
hours/night)[3]. In this study, shorter objective sleep duration and lower sleep efficiency were
found to correlate with the male gender, social deprivation and high coffee intakes. These are
groups previously shown to be at higher risk of poor cardiometabolic health and increased
mortality. Our results are also consistent with previous studies showing the correlation of
lower socioeconomic status with longer sleep latency and poorer quality of sleep as measured
by actigraphy and polysomnography[41,42]. Many factors including poor mental health and
physical diseases can affect sleep quality and they are more prevalent in socially deprived indi-
viduals. This may well confound any correlations between social deprivations and sleep
parameters[41,42]. Within our cohort, a habitual high coffee intake (>4 cups/day) was associ-
ated with longer sleep latency, more awakenings during the night and sleep complaints[43].
The difference in sleep efficiency between different types of coffee is relatively small but there
was a significant decrease in sleep time in those with habitual high coffee intake and this group
were more likely to be male. Our results demonstrated that caffeinated coffee does have an
impact on sleep efficiency compared to decaffeinated coffee. Although 3–4 cups of coffee per
day was not significantly associated with health risks. The prevalence of coffee drinking and
usual intake increases with age[44] and coffee is the main source of dietary caffeine in the west-
ern society so may be one factor in short sleep in an older population. Therefore, the relation-
ship between habitual high coffee intake and sleep in ageing populations is worthy of further
investigation[45]. However, limitations of the study were that habitual tea/coffee intake data
were collected some years prior to accelerometry data collection. This means that any associa-
tion detected needs to be interpreted with care.
The current study found a discrepancy between self-reported and accelerometry assess-
ments of sleep. The prior self-reported sleep duration of the Biobank cohort showed that 78%
of participants had self-reported a sleep duration >7 hours/night, but accelerometry data
showed that only 23% of participants slept >7 hours/night. Therefore, participants may over-
estimate their sleep duration. Moreover, we found that females self-reported shorter sleep
durations but they have significantly longer objective sleep duration and higher sleep efficiency
than males. Similar results were also found in the Rotterdam study[46]. Within the prior UK
Biobank studies, females were more likely to self-report insomnia symptoms and shorter sleep
duration[20]. However, evidence from polysomnographic measures and quantitative electro-
encephalographic analysis does not support this[47]. Our results suggested that sleep state
Objective assessment of the sleep and physical activity of the UK Biobank
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misperception may be more common amongst females. However, any potential association
needs to be interpreted with care as there is on average a 5 year time lag between self-report
sleep duration and accelerometry assessment of sleep. The sleep pattern of some of the partici-
pants might have changed during this period of time.
The main strength of the current UK Biobank study is the large sample size and extensive
information collected. It provided detailed, objective measurements of sleep duration and effi-
ciency, physical activity, sociodemographic and dietary characteristics. The specific accelerom-
eters allowed the possibility of measuring physical activity level and sleep/wake patterns in a
single device using open access algorithms. This is more likely to be an accurate measure of
sleep duration compared to limited, short questions of self report sleep duration previously
collected in this cohort. This is by far the largest UK accelerometry cohort and subsequent
long term follow up studies will be able to determine whether an optimum sleep duration and
physical activity level predicts healthy ageing. However, we accept the limitations of a cross-
sectional study design and the time lag between accelerometry data and other biometric assess-
ments within the Biobank cohort. Many other potential confounders such as physical or psy-
chiatric disease were not assessed due to the time lag between accelerometry data collection
and original biometric variables and we accept that future studies would ideally include these
variables. Finally, due to the constraints of the Biobank, other sources of caffeine intake such
as coke and energy drink consumption were not taken into account.
In conclusion, our study provided further insights into the relationship between objective
sleep duration, sociodemographic and physical activity using the largest ever accelerometer
cohort. Males, socially deprived individuals and habitual high coffee drinkers were found to
have shorter objective sleep duration and lower sleep efficiency. 6–7 hours of sleep per night
was associated with the highest physical activity levels. This raises the possibility that objec-
tively assessed 6–7 hours of sleep per night may be optimal for health, at least for those aged
over 60 years old. Understanding the association with sleep and health could help to design
and optimise interventions to targeted groups and therefore reduce the adverse health impact
of poor sleep.
Acknowledgments
The authors would like to thank the UK Biobank participants for agreeing to volunteer in this
research and investigators for making this study possible.
Author Contributions
Conceptualization: Michael Catt, Sophie Cassidy, Mark Birch-Machin, Michael Trenell,
Kirstie N. Anderson.
Data curation: Gewei Zhu, Sophie Cassidy, Simon Woodman.
Formal analysis: Gewei Zhu, Sophie Cassidy, Hugo Hiden, Simon Woodman, Kirstie N.
Anderson.
Methodology: Hugo Hiden, Simon Woodman, Kirstie N. Anderson.
Software: Gewei Zhu, Michael Catt, Hugo Hiden.
Supervision: Mark Birch-Machin, Michael Trenell, Kirstie N. Anderson.
Writing – original draft: Gewei Zhu, Kirstie N. Anderson.
Writing – review & editing: Michael Catt, Sophie Cassidy, Mark Birch-Machin, Michael
Trenell.
Objective assessment of the sleep and physical activity of the UK Biobank
PLOS ONE | https://doi.org/10.1371/journal.pone.0226220 December 27, 2019 11 / 14
References
1. Carley DW, Farabi SS. Physiology of Sleep. Diabetes spectrum: a publication of the American Diabetes
Association. 2016; 29:5–9.
2. Suzuki K, Miyamoto M, Hirata K. Sleep disorders in the elderly: Diagnosis and management. Journal of
general and family medicine. 2017; 18:61–71. https://doi.org/10.1002/jgf2.27 PMID: 29263993
3. Chaput J-P, McNeil J, Despre´s J-P, Bouchard C, Tremblay A. Seven to eight hours of sleep a night is
associated with a lower prevalence of the metabolic syndrome and reduced overall cardiometabolic risk
in adults. PloS one. 2013; 8:e72832–e72832. https://doi.org/10.1371/journal.pone.0072832 PMID:
24039808
4. Ancoli-Israel S. Sleep and its disorders in aging populations. Sleep medicine. 2009; 10 Suppl 1:S7–11.
5. Mazzoccoli G, Vendemiale G, La Viola M, De Cata A, Carughi S, Greco A, et al. Circadian variations of
cortisol, melatonin and lymphocyte subpopulations in geriatric age. International journal of immunopa-
thology and pharmacology. 2010; 23:289–296. https://doi.org/10.1177/039463201002300127 PMID:
20378015
6. Mallampalli MP, Carter CL. Exploring sex and gender differences in sleep health: a Society for Women’s
Health Research Report. Journal of women’s health (2002). 2014; 23:553–562.
7. Ohayon MM, Reynolds CF 3rd, Dauvilliers Y. Excessive sleep duration and quality of life. Annals of neu-
rology. 2013; 73:785–794. https://doi.org/10.1002/ana.23818 PMID: 23846792
8. Redline S, Kirchner HL, Quan SF, Gottlieb DJ, Kapur V, Newman A. The effects of age, sex, ethnicity,
and sleep-disordered breathing on sleep architecture. Archives of internal medicine. 2004; 164:406–
418. https://doi.org/10.1001/archinte.164.4.406 PMID: 14980992
9. Mong JA, Baker FC, Mahoney MM, Paul KN, Schwartz MD, Semba K, et al. Sleep, rhythms, and the
endocrine brain: influence of sex and gonadal hormones. The Journal of neuroscience: the official jour-
nal of the Society for Neuroscience. 2011; 31:16107–16116. https://doi.org/10.1523/JNEUROSCI.
4175-11.2011 PMID: 22072663
10. Institute of Medicine Committee on Sleep M, Research. The National Academies Collection: Reports
funded by National Institutes of Health. In: Colten HR, Altevogt BM, eds. Sleep Disorders and Sleep
Deprivation: An Unmet Public Health Problem. Washington (DC): National Academies Press (US)
National Academy of Sciences.; 2006.
11. Spira AP, Chen-Edinboro LP, Wu MN, Yaffe K. Impact of sleep on the risk of cognitive decline and
dementia. Current opinion in psychiatry. 2014; 27:478–483. https://doi.org/10.1097/YCO.
0000000000000106 PMID: 25188896
12. Spiegel K, Knutson K, Leproult R, Tasali E, Van Cauter E. Sleep loss: a novel risk factor for insulin resis-
tance and Type 2 diabetes. Journal of applied physiology (Bethesda, Md: 1985). 2005; 99:2008–2019.
13. Leproult R, Deliens G, Gilson M, Peigneux P. Beneficial impact of sleep extension on fasting insulin sen-
sitivity in adults with habitual sleep restriction. Sleep. 2015; 38:707–715. https://doi.org/10.5665/sleep.
4660 PMID: 25348128
14. Lemola S, Raikkonen K, Gomez V, Allemand M. Optimism and self-esteem are related to sleep. Results
from a large community-based sample. International journal of behavioral medicine. 2013; 20:567–571.
https://doi.org/10.1007/s12529-012-9272-z PMID: 23055029
15. Watson EJ, Coates AM, Kohler M, Banks S. Caffeine Consumption and Sleep Quality in Australian
Adults. Nutrients. 2016; 8.
16. Drapeau C, Hamel-Hebert I, Robillard R, Selmaoui B, Filipini D, Carrier J. Challenging sleep in aging:
the effects of 200 mg of caffeine during the evening in young and middle-aged moderate caffeine con-
sumers. Journal of sleep research. 2006; 15:133–141. https://doi.org/10.1111/j.1365-2869.2006.
00518.x PMID: 16704567
17. Shilo L, Sabbah H, Hadari R, Kovatz S, Weinberg U, Dolev S, et al. The effects of coffee consumption
on sleep and melatonin secretion. Sleep medicine. 2002; 3:271–273. https://doi.org/10.1016/s1389-
9457(02)00015-1 PMID: 14592218
18. Fernandez-Mendoza J, Calhoun SL, Bixler EO, Karataraki M, Liao D, Vela-Bueno A, et al. Sleep mis-
perception and chronic insomnia in the general population: role of objective sleep duration and psycho-
logical profiles. Psychosomatic medicine. 2011; 73:88–97. https://doi.org/10.1097/PSY.
0b013e3181fe365a PMID: 20978224
19. Cassidy S, Chau JY, Catt M, Bauman A, Trenell MI. Low physical activity, high television viewing and
poor sleep duration cluster in overweight and obese adults; a cross-sectional study of 398,984 partici-
pants from the UK Biobank. The international journal of behavioral nutrition and physical activity. 2017;
14:57–57. https://doi.org/10.1186/s12966-017-0514-y PMID: 28454540
Objective assessment of the sleep and physical activity of the UK Biobank
PLOS ONE | https://doi.org/10.1371/journal.pone.0226220 December 27, 2019 12 / 14
20. Kyle SD, Sexton CE, Feige B, Luik AI, Lane J, Saxena R, et al. Sleep and cognitive performance: cross-
sectional associations in the UK Biobank. Sleep medicine. 2017; 38:85–91. https://doi.org/10.1016/j.
sleep.2017.07.001 PMID: 29031762
21. Anderson KN, Catt M, Collerton J, Davies K, Von Zglinicki T, Kirkwood TB, et al. Assessment of sleep
and circadian rhythm disorders in the very old: the Newcastle 85+ Cohort Study. Age and ageing. 2014;
43:57–63. https://doi.org/10.1093/ageing/aft153 PMID: 24123786
22. Biobank U. UK Biobank: Protocol for a large-scale prospective epidemiological resource. 2007 [cited.
Available from: https://www.ukbiobank.ac.uk/resources/]
23. Doherty A, Jackson D, Hammerla N, Plotz T, Olivier P, Granat MH, et al. Large Scale Population
Assessment of Physical Activity Using Wrist Worn Accelerometers: The UK Biobank Study. PLOS
ONE. 2017; 12:e0169649. https://doi.org/10.1371/journal.pone.0169649 PMID: 28146576
24. Van Hees VT, Fang Z, Zhao J, Heywood J, Mirkes E, Sabia S, et al. GGIR: Raw Accelerometer Data
Analysis. R package version 1.7–1 ed. 2018.
25. van Hees VT, Sabia S, Anderson KN, Denton SJ, Oliver J, Catt M, et al. A Novel, Open Access Method
to Assess Sleep Duration Using a Wrist-Worn Accelerometer. PLoS One. 2015; 10:e0142533. https://
doi.org/10.1371/journal.pone.0142533 PMID: 26569414
26. van Hees VT, Sabia S, Jones SE, Wood AR, Anderson KA, Kivimaki M, et al. Estimating sleep parame-
ters using an accelerometer without sleep diary. Scientific reports. 2018; 8:12975. https://doi.org/10.
1038/s41598-018-31266-z PMID: 30154500
27. Shan Z, Ma H, Xie M, Yan P, Guo Y, Bao W, et al. Sleep duration and risk of type 2 diabetes: a meta-
analysis of prospective studies. Diabetes care. 2015; 38:529–537. https://doi.org/10.2337/dc14-2073
PMID: 25715415
28. Biobank U. UK Biobank Data showcase. Available from: http://biobank.ndph.ox.ac.uk/showcase/
29. Cassidy S, Chau JY, Catt M, Bauman A, Trenell MI. Cross-sectional study of diet, physical activity, tele-
vision viewing and sleep duration in 233 110 adults from the UK Biobank; the behavioural phenotype of
cardiovascular disease and type 2 diabetes. BMJ Open 2016; 6.
30. Zeitzer JM, Blackwell T, Hoffman AR, Cummings S, Ancoli-Israel S, Stone K. Daily Patterns of Acceler-
ometer Activity Predict Changes in Sleep, Cognition, and Mortality in Older Men. The journals of geron-
tology Series A, Biological sciences and medical sciences. 2018; 73:682–687. https://doi.org/10.1093/
gerona/glw250 PMID: 28158467
31. Spira AP, Stone KL, Redline S, Ensrud KE, Ancoli-Israel S, Cauley JA, et al. Actigraphic Sleep Duration
and Fragmentation in Older Women: Associations With Performance Across Cognitive Domains.
Sleep. 2017; 40.
32. Smagula SF, Stone KL, Redline S, Ancoli-Israel S, Barrett-Connor E, Lane NE, et al. Actigraphy- and
Polysomnography-Measured Sleep Disturbances, Inflammation, and Mortality Among Older Men. Psy-
chosomatic medicine. 2016; 78:686–696. https://doi.org/10.1097/PSY.0000000000000312 PMID:
26894325
33. Maglione JE, Liu L, Neikrug AB, Poon T, Natarajan L, Calderon J, et al. Actigraphy for the assessment
of sleep measures in Parkinson’s disease. Sleep. 2013; 36:1209–1217. https://doi.org/10.5665/sleep.
2888 PMID: 23904681
34. Fung MM, Peters K, Ancoli-Israel S, Redline S, Stone KL, Barrett-Connor E. Total sleep time and other
sleep characteristics measured by actigraphy do not predict incident hypertension in a cohort of com-
munity-dwelling older men. Journal of clinical sleep medicine: JCSM: official publication of the American
Academy of Sleep Medicine. 2013; 9:585–591.
35. Menai M, van Hees VT, Elbaz A, Kivimaki M, Singh-Manoux A, Sabia S. Accelerometer assessed mod-
erate-to-vigorous physical activity and successful ageing: results from the Whitehall II study. Scientific
reports. 2017; 8:45772. https://doi.org/10.1038/srep45772 PMID: 28367987
36. Watson NF, Badr MS, Belenky G, Bliwise DL, Buxton OM, Buysse D, et al. Recommended Amount of
Sleep for a Healthy Adult: A Joint Consensus Statement of the American Academy of Sleep Medicine
and Sleep Research Society. Sleep. 2015; 38:843–844. https://doi.org/10.5665/sleep.4716 PMID:
26039963
37. Dijk DJ, Groeger JA, Stanley N, Deacon S. Age-related reduction in daytime sleep propensity and noc-
turnal slow wave sleep. Sleep. 2010; 33:211–223. https://doi.org/10.1093/sleep/33.2.211 PMID:
20175405
38. Loprinzi PD, Cardinal BJ. Association between objectively-measured physical activity and sleep,
NHANES 2005–2006. Mental Health and Physical Activity. 2011; 4:65–69.
39. Services USDoHaH. Physical Activity Guidelines Advisory Committee. Physical activity guidelines advi-
sory committee report. 2008.
Objective assessment of the sleep and physical activity of the UK Biobank
PLOS ONE | https://doi.org/10.1371/journal.pone.0226220 December 27, 2019 13 / 14
40. Allender S, Foster C, Scarborough P, Rayner M. The burden of physical activity-related ill health in the
UK. Journal of epidemiology and community health. 2007; 61:344–348. https://doi.org/10.1136/jech.
2006.050807 PMID: 17372296
41. Mezick EJ, Matthews KA, Hall M, Strollo PJ Jr, Buysse DJ, Kamarck TW, et al. Influence of race and
socioeconomic status on sleep: Pittsburgh SleepSCORE project. Psychosomatic medicine. 2008;
70:410–416. https://doi.org/10.1097/PSY.0b013e31816fdf21 PMID: 18480189
42. Anders MP, Breckenkamp J, Blettner M, Schlehofer B, Berg-Beckhoff G. Association between socio-
economic factors and sleep quality in an urban population-based sample in Germany. European journal
of public health. 2014; 24:968–973. https://doi.org/10.1093/eurpub/ckt175 PMID: 24280873
43. Mniszek DH. Brighton Sleep Survey: A Study of Sleep in 20–45-Year Olds. Journal of International
Medical Research. 1988; 16:61–65. https://doi.org/10.1177/030006058801600107 PMID: 3350205
44. Loftfield E, Freedman ND, Dodd KW, Vogtmann E, Xiao Q, Sinha R, et al. Coffee Drinking Is Wide-
spread in the United States, but Usual Intake Varies by Key Demographic and Lifestyle Factors. The
Journal of nutrition. 2016; 146:1762–1768. https://doi.org/10.3945/jn.116.233940 PMID: 27489008
45. Clark I, Landolt HP. Coffee, caffeine, and sleep: A systematic review of epidemiological studies and ran-
domized controlled trials. Sleep Medicine Reviews. 2017; 31:70–78. https://doi.org/10.1016/j.smrv.
2016.01.006 PMID: 26899133
46. van den Berg JF, Miedema HM, Tulen JH, Hofman A, Neven AK, Tiemeier H. Sex differences in subjec-
tive and actigraphic sleep measures: a population-based study of elderly persons. Sleep. 2009;
32:1367–1375. https://doi.org/10.1093/sleep/32.10.1367 PMID: 19848365
47. Baker FC, Kahan TL, Trinder J, Colrain IM. Sleep quality and the sleep electroencephalogram in
women with severe premenstrual syndrome. Sleep. 2007; 30:1283–1291. https://doi.org/10.1093/
sleep/30.10.1283 PMID: 17969462
Objective assessment of the sleep and physical activity of the UK Biobank
PLOS ONE | https://doi.org/10.1371/journal.pone.0226220 December 27, 2019 14 / 14
